Abstract. This paper explores the feasibility of the use of two energy balance models for the estimation of evapotranspiration from satellite data in a large irrigated area. The Rio Guarico irrigation system is located in the State of Guarico in Venezuela. A large water reservoir stores the water coming from the Guarico River and provides water for irrigation to an area of near 60,000 hectares. Rice is the main crop grown in the area.
INTRODUCTION
The management of water resources is one of the greatest challenges for humankind in this century. Particularly, the determination of consumptive use of water by crops and other surfaces at the regional scale is elementary in understanding whether resources management is adequate. Irrigated agriculture is the largest consumer of water in river basins, and water savings upstream can lead to additional water developments downstream in the basin [2] . Over the past decades there has been an effort to evaluate evapotranspiration (ET) over larger areas from primarily remotely sensed data. The major advantage of applying remote sensing is that the water consumed by the soil-water-vegetation system can be derived directly without the need for quantifying other complex hydrological processes.
Within the most promising approaches currently available to estimate evapotranspiration, the Surface Energy Balance Algorithm for Land (SEBAL) has been designed to calculate the energy balance components, at both local and regional scale, with minimum ground data. SEBAL has been tested in many countries under several irrigation conditions to diagnose the uniformity in crop consumptive use, monitor crop water stress, and evaluate irrigation performance [5] . Because it requires a minimum amount of inputs, SEBAL has a great potential for use in developing countries where policies for water management are generally inadequate and ground information is scarce.
A model that is gaining scientific recognition in the last five years is METRIC (Mapping Evapotranspiration at high Resolution with Internalized Calibration) METRIC has, as its foundation, principles and techniques used by the model SEBAL and it has been gradually incorporating refined components produced by University of Idaho research. In particular, METRIC is auto-calibrated for each image using ground-based calculation of alfalfa reference evapotranspiration (ET r ), based on hourly weather data. Accuracy and dependability of the ET r estimate has been established by lysimetric and other studies [2] . METRIC has been applied in the US with Landsat images to estimate monthly and seasonal ET for water rights accounting and for operation of ground water models [2] .
The overall intent of this research was to explore means for generating ET maps for irrigated lands in Venezuela where lack of ground information is commonplace. An operational remote sensing model is required to be routinely applied as a tool for providing both historical and near-real time ET for modeling of groundwater, solving water user disputes, and performing a better management of the water resources of the area.
STUDY AREA
The Rio Guarico Irrigation System is a hydraulic infrastructure for irrigation located in the State of Guarico in Venezuela, between 8.5 o -9 o of northern latitude and 67.18 o -67.45 o of western longitude, with an altitude around 100 meters over sea level. The system is working from 1956. A large water reservoir (Calabozo dam) stores the water coming from the Guarico River and provides water for irrigation to an area of near 60,000 hectares. The irrigation system was originally projected for attending 110,000 ha, but poor water management and excessive irrigation has limited the irrigated area expansion [9] . The common size of a production unit is 20 ha per producer. Rice is the main crop grown in the area.
MATERIALS AND METHODS

Meteorological and satellite data
In general, meteorological data in Venezuela is scarce. In the majority of cases just monthly data is available, which strongly constrains the application of any remote sensing model. In this study, information provided by the Biological Los Llanos meteorological station was used. The station is located a few kilometers from the study area and routinely provides daily meteorological data. Hourly weather data is not published so that it was obtained directly at the weather station site.
With regard to satellite data, a LANDSAT 7 ETM+ image corresponding to March 14, 2001, path 4, row 54 was used. Short-wave bands (bands 1,2,3,4,5,7) were used for albedo and vegetation indices calculations. Thermal band (band 6) was used for surface temperature and sensible heat.
Model Description
SEBAL and METRIC are satellite image processing models that are being commonly used to produce evapotranspiration maps for large areas. The principles and steps needed to apply SEBAL to estimate evapotranspiration are described in Bastiaanssen [6] , and Bastiaanssen et al. [7] . Principles of METRIC application are found in Trezza [12] , Tasumi [10] and Allen et al [2] . SEBAL and METRIC use digital imagery data collected by any satellite sensor measuring visible, near-infrared and thermal infrared radiation. Latent heat flux (LE) is computed as a residual of the energy balance equation on a pixel-by-pixel basis. Net radiation (R n ) is computed from the balance of short and longwave radiation. Soil heat flux (G) is computed using an equation proposed by Bastiaanssen that is applicable to any condition of vegetation cover and type of soil [7] .
After calculating R n and G, the calculation of the sensible heat flux (H) is required to obtain the parameters that will allow the computation of ET as a residual from the energy balance (LE = R n -G -H). Traditionally, the aerodynamic transfer of heat to air, H, is predicted using the difference between the aerodynamic temperature of the surface (T aero ) and a reference height air temperature [8] . In SEBAL and METRIC, instead of T aero , the reference temperature is taken to be T 1 , an air temperature located at height z 1 close to the surface. An upper height is taken at a height z 2 and its corresponding temperature is called T 2 . To determine the value of dT for each pixel, SEBAL and METRIC assume the existence of a linear relationship between dT and the radiometric surface temperature T s :
where dT is the near-surface air temperature difference, T s is the radiometric surface temperature, and "a" and "b" are empirical coefficients obtained from the so-called "anchor" pixels [6] . The assumption implicit in the SEBAL is that hot areas (with large thermal emittance) create higher vertical differences in air temperature (dT) than cold surfaces, and that this relationship is linear. This represents the key assumption for the calculation of sensible heat pioneered by Bastiaanssen [6] and incorporated into both SEBAL and METRIC. On the other hand, SEBAL and METRIC have some differences in the definition of the two anchor pixels needed to define Equation (1).
In general, the anchor pixels represent conditions of extreme evaporative behavior within the image. One of the anchor pixels is called the "cold (wet)" pixel where evaporation is assumed to be consuming most of the available energy (R n -G), so that sensible heat flux (H), and consequently dT are both assumed to be near zero. The other anchor pixel is called the "hot (dry)" pixel where evaporation is near zero so that all the available energy is converted essentially into sensible heat. Near surface airtemperature difference, dT, is then calculated using aerodynamic theory for the two extreme conditions [6] . Finally, a pair of dT and T s values allows the definition of coefficients "a" and "b" on Equation 1 . In SEBAL, the cold pixel is generally taken from a pixel located in deep water, and dT and H are assume to be zero, therefore H cold = 0 so that dT cold = 0 (Eq. 1). The hot pixel is located in an area that shows high surface temperature where the assumption of zero evaporation can hold, therefore H hot = R n hot -G hot .
On the other hand, METRIC focuses its anchor pixel selection on agricultural pixels mainly because agricultural areas have been its major applications, and because the dynamics of other energy balance components (i.e soil heat flux) are better investigated and understood in agricultural areas. Following this philosophy, in METRIC the cold pixel is selected from an area having a full-cover and well-irrigated crop that resembles the alfalfa reference crop. The alfalfa standardized reference crop is defined by ASCE-EWRI [4] as being 0.5 m tall, having LAI of about 4 to 5, and surface resistance of 30 sm -1 (hourly steps) and 45 sm -1 (daily steps). Thus, ET cold ≈ ET r (in fact, most standard application of METRIC assumes ET cold = 1.05 ET r to consider the existence of surfaces that can evaporate 5 % more that the calculated ET r , which represents average ET for the alfalfa reference) and H cold = R n cold -G cold -LE cold . For the hot pixel similar SEBAL assumptions are made, although a daily surface soil water balance such as that of the FAO56 publication [1] is run for a bare soil condition to confirm that ET = 0 or to supply a nonzero value for ET if there is evaporation from antecedent precipitation. Thus, H hot = R n hot -G hot -LE hot .
Extrapolation of Instantaneous to Daily ET values
Approaches for extrapolating instantaneous to 24-hour ET are different for SEBAL and METRIC. SEBAL uses the evaporative fraction (EF) for the extrapolation [6] , and METRIC uses the alfalfa reference evapotranspiration fraction (ET r F) for the same purpose [3] . Therefore, a) SEBAL approach: where ET r F, ET, and ET r are the values of ET r fraction, actual and reference evapotranspiration, for the time when the satellite image was taken; ET r F 24 is the average daily value of ET r F; ET 24 , and ET r24 are the corresponding daily values (24 hours) of actual and reference evapotranspiration. In METRIC, ET r 24 is calculated by summing hourly ET r values over the day of the image. ET r is computed using the ASCE-EWRI procedure [4] . Allen et al [3] describes advantages to use of ET r and ET r F in remote sensing of agriculture.
RESULTS AND DISCUSSION
The Models SEBAL and METRIC were applied to the LANDSAT 7 ETM+ image corresponding to March 14, 2001. For the calculation of net radiation and soil heat flux, the same procedures were used for SEBAL and METRIC so that no differences can be attributed to the estimation of these fluxes. In particular, the procedure used for net radiation calculation was taken from the METRIC approach [11] that is the result of many refinements obtained by research. For the SEBAL application, the cold pixel was taken in the water reservoir (Calabozo Dam) where the assumption of H = 0 was made. Hot pixel was taken on a high temperature bare soil, where ET = 0 was assumed.
For METRIC, due to the absence of a crop similar to alfalfa, the cold pixel was taken in an agriculture area cultivated with paddy rice, having low temperature and high NDVI. The low temperature was an indication of adequate irrigation and high ET, and the high NDVI was considered as indicative of maximum cover by rice. In this pixel, ET was assumed to be the value obtained as the product of alfalfa reference ET (calculated using ASCE-EWRI standardized Penman-Monteith equation [4] ) and the corresponding crop coefficient for rice for complete cover, using the FAO56 methodology [1] . The reported grass-based K c of FAO for paddy rice (1.2) was converted into an alfalfa-based K c , using the FAO56 K ratio , and correcting for local weather conditions, which resulted in an alfalfa-based K c (ET r F) of 1.002 for paddy rice, therefore ET cold = 1.002 x ET r , and ET r = 8 mm/d on the day of the image. The hot pixel was taken in a bare soil with high temperature located in an agricultural area. The evapotranspiration in this case was taken as equal to zero, because there was not precipitation the days before the image time. ET r for the image time was 0.75 mm/h and for the 24-hours was 8 mm/d. Minimum relative humidity was 51 %, and wind speed measured at 2 meters height was 2.7 m/s. Figure 1 shows a comparison between instantaneous and 24-hour ET values for SEBAL and METRIC. Instantaneous ET values show a linear correspondence between the models. Differences were produced by distinction in cold and hot pixel selection, which results in differences of estimated sensible heat. Overall, SEBAL estimates of ET for image time were around 7 % larger than estimates of METRIC ET. On the other hand, differences on 24-hour ET (ET 24 ) are mainly due to the extrapolation technique used for each model. For this application, SEBAL ET 24 tended to be higher at lower values of ET. Maximum values of ET 24 reached a peak of about 7 mm for SEBAL and around 8 mm for METRIC. This fact indicates that as EF went up the ratio of R n24 /( R n -G) went down. On the other hand, METRIC ET 24 are dependent on two constants for each pixel and image, the ET r F and the 24-hour ET r . 
CONCLUSIONS AND RECOMMENDATIONS
The overall intent of this research was to explore a way for generating ET maps for the Rio Guarico Irrigation System in Venezuela. Two energy balance models SEBAL and METRIC, which share some key components and assumptions for operational purposes, were applied to a Landsat Image that covers the study area. Both models performed similarly and estimation of total water consumption resulted in just 7 % difference. The value of total water consumption estimated by SEBAL and METRIC represents basic information for the water management of the irrigation system. The main limitation for the METRIC and SEBAL model application was the weather data. Fortunately, the weather station used in this study provides daily information, which is not the case for most agricultural areas in Venezuela where just monthly data is made available to public. In areas were weather data is not available, SEBAL has the advantage of being somehow independent from weather information (SEBAL only needs an estimation of wind speed at satellite time) and estimation of energy balance components is pulled from the satellite image. However, because ET is estimated as residual, all errors on R n , G, and H estimation are incorporated on ET. On the other hand, METRIC procedure has a strongly dependence on the availability of accurate hourly weather data for the estimation of reference ET which is used to train the energy balance and to extrapolate instantaneous to daily ET values. This feature of METRIC allows a control on ET values due to the tie of calculations to the local weather conditions of the area.
In view of all the previous considerations, the author recognizes the value of SEBAL and METRIC to estimate evapotranspiration for large areas in Venezuela in an operational manner. The author also recognizes that more work is needed to refine several components of the models that might introduce uncertainties into the results. Also, there is a critical need for meteorological data collection and publication for agricultural areas in Venezuela in order to make the proposed model feasible for routinely use in operational irrigation.
